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Abstract 

This  study  addresses  thermoelectric  cooler  (TEC)  applications  in  the  electronic  cooling.  The  cold  side 
temperature  (Tc)  and  temperature  difference  between  TEC  cold  and  hot  sides  (AT  =  Th  -  Tc,  Th  =  tem¬ 
perature  of  hot  side  of  TEC)  were  used  as  the  parameters.  The  cooling  capacity,  junction  temperature, 
coefficient  of  performance  (COP)  of  TEC  and  the  required  heat  sink  thermal  resistance  at  the  TEC  hot  side 
were  computed.  The  results  indicated  that  the  cooling  capacity  could  be  increased  as  Tc  increased  and  AT 
was  reduced.  The  maximum  cooling  capacity  and  chip  junction  temperature  obtained  were  207  W  and  88 
°C,  respectively.  The  required  heat  sink  thermal  resistance  on  TEC  hot  side  was  0.054  °C/W.  Larger  cooling 
capacity  and  higher  COP  could  be  obtained  when  the  TEC  was  operated  in  the  enforced  regimes  (AT  <  0). 
However,  TEC  performance  was  restricted  by  the  Tc  values  and  heat  sink  thermal  resistance  at  the  TEC  hot 
side.  A  microchannel  heat  sink  using  water  or  air  as  the  coolant  was  demonstrated  to  meet  the  low  thermal 
heat  sink  resistance  requirement  for  TEC  operated  at  maximum  cooling  capacity  conditions. 
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1.  Introduction 

Since  the  birth  of  electronic  technology,  the  heat  flux  generation  from  electronic  devices  has 
increased  and  this  trend  is  expected  to  continue.  According  to  the  International  Technology 
Roadmap  for  Semiconductors  [1],  the  predicted  maximum  power  dissipation  from  a  single  chip 
package  will  be  170  W  in  the  year  2008.  Moreover,  the  allowable  maximum  junction  temperature 
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Nomenclature 

Cpf  specific  heat  of  coolant,  J/kg  K 
Dh  hydraulic  diameter  of  microchannel,  m 

F  geometric  factor  of  microchannel 

G  geometric  factor  of  thermoelectric  element,  m 
h  heat  transfer  coefficient,  W/m2  K 
I  electric  current,  A 

/opt  optimal  electric  current  for  maximum  cooling  capacity,  A 

K  thermal  conductivity  of  thermoelectric  element,  W/m  K 

kf  thermal  conductivity  of  coolant,  W/m  K 

kfm  thermal  conductivity  of  fin,  W/m  K 

Lhs  length  of  microchannel  heat  sink,  m 

Lc h  depth  of  microchannel 

N  number  of  pair  of  thermoelectric  element 

n  number  of  microchannel  of  heat  sink 

Nu  Nusselt  number 

Pow  coolant  pumping  power  of  microchannel  heat  sink,  W 

Qp  power  input  to  TEC 

Qc  heat  rate  at  TEC  cold  side 

Qh  heat  rate  at  TEC  hot  side 

r  electric  resistivity,  Qm 

R\  contact  thermal  resistance,  K/W 

R2  heat  sink  thermal  resistance,  K/W 

Re  Reynolds  number  based  on  hydraulic  diameter 

S  Seebeck  coefficient,  V/K 

Ta  ambient  temperature,  K 

Tc  TEC  cold  side  temperature,  K 

Jj  chip  junction  temperature,  K 

Th  TEC  hot  side  temperature,  K 

um  averaged  coolant  velocity  in  microchannel,  m 

V  coolant  volumetric  flow  rate,  m3/s 

Wc h  width  of  microchannel,  m 

FTfm  width  of  fin,  m 

Whs  width  of  microchannel  heat  sink,  m 

Greek  symbols 
fi  =Lch/Wch 

X  friction  factor  of  microchannel 

v  viscosity  of  coolant,  kg/ms 

pf  density  of  coolant,  kg/m3 

AT  Th  -  Tc,  K 
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will  have  to  be  held  to  less  than  85  °C  for  reliable  operation  and  increased  electronic  device 
lifespan.  Passive  cooling  technologies,  such  as  the  microchannel  sink  with  a  liquid  as  the  working 
fluid  [2],  liquid  immersion  cooling  [3],  and  jet  impingement  [4]  could  be  the  solution  to  provide 
high  heat  flux  dissipation.  However,  maintaining  the  junction  temperature  at  85  °C  or  even  lower 
is  a  challenging  problem  for  passive  cooling  techniques  because  of  the  working  fluid  limitations. 
Active  cooling  technology  integrated  with  electronic  devices  is  possibly  the  only  solution  that 
could  satisfy  both  requirements.  One  of  the  active  cooling  technologies  is  refrigeration  cooling. 
Due  to  the  space  limits  in  practical  electronic  device  packaging,  a  refrigeration  system  must  have  a 
size  compatible  to  that  of  a  chip,  substrate,  or  board.  Therefore,  the  so-called  miniature  refrig¬ 
eration  system  should  be  considered  in  electronic  heat  management  applications. 

Miniature  refrigeration  systems  have  received  much  attention  since  the  pioneer  work  by  Little 
[5,6].  The  review  paper  by  Pelan  et  al.  [7]  summarized  several  current  and  future  miniature 
refrigeration  cooling  technologies  for  high  power  microelectronics.  According  to  Pelan  et  al.  [7],  a 
miniature  vapor  compression  refrigerator  could  be  a  future  solution  for  electronic  heat  manage¬ 
ment.  In  such  a  refrigeration  system,  the  maximum  power  dissipation  rate  and  lowest  temperature 
that  could  be  attained  are  350  W  and  12  °C,  respectively.  The  miniature  vapor  compression 
refrigerator  principle  is  the  same  as  that  for  a  conventional  sized  refrigerator  except  that  the  size  is 
reduced  to  the  centi-  or  millimeter  order.  Currently  a  miniature  vapor  compression  refrigerator  is 
under  development  using  MEMS  technologies  [8-10].  The  main  difficulty  is  the  microscale  com¬ 
pressor  design  and  fabrication.  The  microcompressor  is  the  essential  component  in  the  vapor 
compression  refrigerator.  Another  possible  candidate  that  might  also  fit  the  requirement  is  a 
miniscale  capillary  pump  loop  (CPL)  [11].  Operating  such  a  system  is  similar  to  the  mesoscale 
vapor  compression  refrigerator  except  that  the  working  fluid  is  driven  by  capillary  pressure. 

Both  the  miniature  scale  vapor  compression  refrigerator  and  CPL  are  not  commercially 
available.  The  only  commercially  available  miniature  size  refrigerator  today  is  the  thermoelectric 
cooler  (TEC).  The  basic  TEC  operating  principle  can  be  found  in  thermodynamic  textbooks  [12]. 
According  to  the  data  provided  by  suppliers  [13,14],  the  TEC  might  not  satisfy  future  require¬ 
ments  for  electronic  cooling  because  of  its  low  cooling  capacity  and  coefficient  of  performance. 
However,  it  does  have  advantages  such  as  high  reliability,  flexibility  in  packaging  and  integration, 
low  weight  and  more  importantly  maintaining  the  junction  temperature  as  low  as  required.  These 
characteristics  make  the  TEC  a  candidate  for  electronic  cooling  applications. 

TEC  performance  depends  on  several  operation  parameters:  the  temperatures  of  the  TEC  cold 
and  hot  sides,  thermal  and  electrical  conductivities  of  TEC  thermoelement,  contact  resistance 
between  the  TEC  cold  side  and  the  device  surface,  thermal  resistance  of  heat  sink  on  the  TEC  hot 
side,  and  the  applied  electric  current.  These  large  operational  parameters  have  allowed  a  variety  of 
TEC  applications.  For  example,  in  applications  providing  refrigerated  spaces  or  in  dehumidifi¬ 
cation  processes,  the  TEC  is  used  to  provide  an  environment  with  a  temperature  lower  than 
ambient.  When  the  TEC  operation  is  reversed,  it  becomes  a  power  generator  that  is  one  of  the 
important  applications  in  thermoelectric  modules  [15,16].  A  recent  review  on  the  present  and 
potential  applications  for  thermoelectric  modules  was  provided  by  Riffat  and  Ma  [17]. 

In  electronic  cooling  applications,  the  TEC  serves  as  a  device  for  transporting  heat  from  a 
surface  that  has  a  temperature  higher  than  ambient.  The  purpose  of  TEC  is  to  maintain  the 
electronic  device  junction  temperature  below  a  safe  temperature  by  pumping  heat  away  from  the 
electronic  devices.  Although  TEC  utilization  in  electronic  cooling  were  demonstrated  by  Simmons 
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and  Chu  [18]  and  Pelan  et  al.  [7],  the  design  on  the  heat  sink  at  the  TEC  hot  side  was  not  ad¬ 
dressed  in  detail.  In  this  study,  heat  sink  thermal  resistance  requirement  for  high  TEC  perfor¬ 
mance  is  to  be  addressed.  The  special  attention  will  be  focused  on  the  TEC  operated  under  a 
condition  in  which  TEC  cold  side  temperature  is  lower  than  that  of  hot  side. 


2.  Modeling 


The  thermal  management  schematic  for  incorporating  a  TEC  into  electronic  cooling  is  shown  in 
Fig.  1.  The  heat  generated  by  the  chip  is  designated  as  Qc  which  is  removed  by  the  TEC  while  the 
chip  is  kept  at  a  temperature  of  Ty  The  TEC  is  in  contact  with  the  chip  surface  with  the  thermal 
resistance  denoted  as  R\.  The  temperatures  at  the  hot  and  cold  sides  of  the  TEC  are  T h  and  Tc, 
respectively.  TEC  operation  requires  an  input  power  of  Qv.  At  the  hot  side,  the  total  amount  of  heat 
that  must  be  dissipated  into  the  ambient  environment  at  temperature  Ta  is  Q h.  This  heat  is  dissipated 
by  employing  a  heat  sink  whose  thermal  resistance  is  denoted  as  R2.  By  assuming  constant  thermal 
and  electric  properties  of  the  thermoelectric  material  and  optimized  geometric  factor  of  thermo¬ 
electric  element,  Qc ,  Qv ,  and  the  TEC  coefficient  of  performance  can  be  written  as  [7,12,18], 


Qc  =  2N 


1  v 

sitc--i2--kgat 

2  G 


(1) 
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=  2N 
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Fig.  1.  Schematic  diagram  of  the  refrigeration  cooling  system. 
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The  relationships  between  the  temperatures  at  each  location  can  also  be  derived  from  the  energy 
balance, 


7]  —  Tc  +  QCR\ 

(4) 

7h  =  7"a  +  QhR2 

(5) 

From  Eq.  (1),  the  TEC  cooling  capacity  is  composed  of  three  parts,  i.e.,  the  Peltier  heat,  Joulean 
heat  loss  and  the  conduction  heat  loss.  The  Peltier  heat  is  proportional  to  I  and  Tc.  The  Joulean 
heating  always  decreases  the  cooling  capacity  and  is  proportional  to  the  square  of  the  electric 
current.  The  cooling  capacity  can  be  increased  by  either  increasing  Tc,  decreasing  AT,  or  operating 
the  TEC  in  the  so-called  enforced  regime  with  AT  <  0  [19].  For  TEC  operated  in  enforced  regime, 
the  heat  conduction  loss  in  Eq.  (1)  becomes  a  cooling  capacity  gain  which  also  leads  to  reduce  the 
input  power  as  indicated  in  Eq.  (2).  Therefore,  we  might  expect  both  the  TEC  cooling  capacity 
and  COP  will  be  increased  when  it  is  operated  in  the  enforced  regime.  We  may  view  that  TEC 
operated  in  the  enforced  regime  as  a  heat  pump  that  pumping  heat  away  from  hot  body  to  cold 
body  by  input  external  power.  From  Eqs.  (4)  and  (5),  TEC  performance  also  depends  on  the 
thermal  resistances  R\  and  R2. 


3.  Results  and  discussion 

3.1.  System  operation  calculation 

To  carry  out  the  TEC  performance  and  heat  sink  design,  the  same  commercially  available  TEC 
used  in  the  study  by  Pelan  et  al.  [7]  was  adopted  in  this  study.  The  physical  properties  and 
thermoelectric  element  geometric  factors  were  taken  from  Melcor  [13]:  N  =  31,  S  =  0.0002 
[VK-1],  r  =  0.00001  [flm],  K  =  1.5  [Wm”1  K"1 *],  G  =  0.01196  [m]. 

The  calculation  procedure  is  shown  in  Fig.  2.  Because  the  primary  purpose  of  using  a  TEC  is 
to  maintain  7]  at  a  designed  value,  the  calculation  starts  from  specifying  Tc  and  AT.  By  knowing 
Tc  and  AT7,  we  can  compute  the  cooling  capacity  Qc  from  Eq.  (1)  by  inputting  the  electric  current. 
From  gc,  the  junction  temperature  7]  from  Eq.  (4)  can  be  evaluated.  After  this,  COP  and  the 
required  R2  can  be  found.  The  heat  sink  design  to  achieve  the  required  R2  will  then  be  discussed. 

In  this  study,  Tc  was  chosen  as  40,  60,  and  80  °C  and  AT  was  chosen  in  the  range  of  -20  to  50 
°C.  For  these  ranges  of  Tc  and  AT  studied,  optimum  electric  current  7opt  for  maximum  Qc  can  be 
found  analytically  or  using  the  calculation  procedures  described  in  Fig.  2.  In  Table  1,  TEC 
performances  operated  under  maximum  cooling  capacity  conditions  for  the  ranges  of  Tc  and  AT 
studied  were  summarized.  Several  observations  based  on  Table  1  can  be  made  as  follows: 

(1)  The  maximum  Qc  increased  with  decreasing  in  AT  and  increasing  in  Tc.  The  maximum  cooling 
capacity  obtained  was  207  W  when  AT  =  —20  °C  and  Tc  =  80  °C.  Although  larger  Qc  might 
be  expected  when  AT  is  further  reduced,  this  will  be  prohibited  due  to  the  heat  sink  perfor¬ 
mance  limitation  on  the  TEC  hot  side  and  will  be  discussed  later. 

(2)  The  TEC  COP  at  maximum  cooling  rate  is  found  to  increase  with  decreasing  in  AT  and  Tc. 

Using  the  calculation  procedure  described  in  Fig.  2,  it  can  be  found  that  COP  decreases 
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Fig.  2.  Flow  chart  for  the  calculation  procedure. 


Table  1 


Performance  of  TEC  at  maximum  cooling  capacity  conditions 


AT 

o 

II 

E'-i 

°C,  /op, 

=  74.75  A 

o 

^0 

II 

°C,  /op, 

=  79.45  A 

o 

oo 

II 

°C,  /op, 

=  84.5  A 

Qmax 

COP 

2] 

r2 

Qmax 

COP 

2j 

r2 

Qmax 

COP 

T, 

r2 

-20 

167.5 

0.618 

46.6 

186.7 

0.602 

67.3 

0.0201 

207.0 

0.591 

88.1 

0.054 

-10 

156.4 

0.558 

46.2 

175.6 

0.549 

66.9 

0.0404 

195.9 

0.540 

87.7 

0.072 

0 

145.3 

0.502 

45.7 

0.023 

164.5 

0.499 

66.5 

0.0607 

184.8 

0.499 

87.3 

0.090 

10 

134.2 

0.449 

45.3 

0.046 

153.3 

0.452 

66.0 

0.081 

173.6 

0.456 

86.8 

0.108 

20 

123.1 

0.399 

44.8 

0.070 

142.2 

0.407 

65.6 

0.102 

162.5 

0.415 

86.4 

0.126 

30 

111.9 

0.353 

44.4 

0.093 

131.1 

0.365 

65.2 

0.1230 

151.4 

0.377 

86.0 

0.145 

40 

100.8 

0.309 

44.0 

0.117 

119.9 

0.325 

64.7 

0.1430 

140.3 

0.341 

85.5 

0.163 

50 

89.7 

0.267 

43.5 

0.141 

108.8 

0.287 

64.3 

0.1640 

129.2 

0.306 

85.1 

0.181 

monotonically  with  the  increase  of  I  when  AT  is  less  than  30  °C  for  the  Tc  range  studied.  For 
AT  >  30  °C,  there  appears  an  optimal  I  at  which  maximum  COP  can  be  obtained.  However, 
these  electric  currents  are  too  low  to  produce  the  desired  cooling  capacity.  Enhancement  of 
COP  by  operating  TEC  in  the  enforced  regime  is  clearly  shown  in  Table  1.  Note  that  at  maxi¬ 
mum  Qc  operations,  all  COP  values  drop  below  unity,  even  for  TEC  operating  in  enforced 
regime. 

(3)  The  listed  junction  temperatures  7]  in  Table  1  were  calculated  by  assuming  R\  =  0.039  °C/W 
[18].  As  shown  in  Table  1,  the  differences  between  7]  and  Tc  are  usually  small  provided  that  R\ 
is  not  large.  For  a  TEC  operated  at  7opt  and  AT  =  —20  °C,  7]  was  found  to  be  46.6,  67.3,  and 
88  °C  for  Tc  =  40,  60,  and  80  °C,  respectively.  These  are  the  maximum  7j  for  the  chosen  ranges 
of  Tc  and  AT  in  the  present  study  because  7]  decreases  with  increasing  AT.  For  the  cases  of 
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Tc  =  40  and  60  °C,  the  resulting  7]  are  acceptable  in  electronic  cooling  applications  because 
they  are  below  the  designed  value  of  85  °C.  For  the  case  of  Tc  =  80  °C,  careful  design  to  re¬ 
duce  R\  is  required  to  keep  Ij  below  85  °C. 

(4)  For  the  thermal  heat  sink  thermal  resistance  at  the  TEC  hot  side,  it  is  seen  that  R2  decreases  as 
AT  decreased  for  the  Tc  range  studied.  This  implies  that  good  heat  sink  performance  is  re¬ 
quired  as  AT  is  reduced,  especially  when  TEC  is  operated  in  enforced  regimes.  In  the  case 
of  Tc  =  40  °C,  R2  cannot  be  defined  when  AT  ^  0  because  Th  is  lower  than  Ta.  Note  that  when 
the  TEC  operation  is  at  maximum  cooling  capacity  conditions,  the  largest  R2  is  0.181  °C/W 
when  AT  =  50  °C  and  Tc  =  80  °C.  It  is  impossible  for  a  conventional  heat  sink  to  achieve  such 
a  low  thermal  resistance.  The  possibility  of  using  a  microchannel  heat  sink  in  electronic  cool¬ 
ing  applications  to  achieve  the  low  heat  sink  thermal  resistance  requirement  is  discussed  next. 


3.2.  MicroChannel  heat  sink  design 

To  reach  the  required  heat  sink  thermal  resistance  value  on  the  TEC  hot  side  as  shown  in  Table 
1,  we  propose  using  a  microchannel  heat  sink.  MicroChannel  cooling  has  emerged  in  recent  years 
as  a  highly  effective  means  for  dissipating  large  amounts  of  heat  from  a  small  heat  transfer  area.  A 
microchannel  heat  sink  typically  contains  a  large  number  of  parallel  microchannel  coolant  pas¬ 
sages  ranging  from  10  to  1000  pm.  Air  and  liquid  coolant  such  as  water  or  fluorochemicals  are 
two  types  of  coolant  favored  in  microchannel  heat  sinks.  In  this  study,  the  microchannel  heat  sink 
size  had  the  same  size  as  the  TEC  and  contacted  directly  to  the  TEC  hot  side.  Fig.  3  shows  the 
geometric  configuration  of  the  microchannel  heat  sink.  The  width  and  length  of  the  microchannel 
heat  sink  are  Lhs  x  fVhs  =  5.5  cm  x  5.5  cm.  The  microchannel  has  a  width  of  Wch  and  a  depth  of 
Lch.  The  wall  that  separates  the  channels  is  called  the  fin,  with  a  width  of  Wfm.  The  base  of  the  heat 
sink  has  a  thickness  of  tb.  The  microchannel  heat  sink  top  surface  is  assumed  insulated.  The  heat 
sink  performance  is  commonly  measured  by  its  thermal  resistance  defined  as,  [20,21] 


Fig.  3.  Schematic  of  microchannel  heat  sink. 
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^w,max  ^f,in 

Qh/iwM 


(6) 


where  Ew?max  is  the  maximum  heat  sink  surface  temperature,  and  7fm  is  the  coolant  inlet  tem¬ 
perature.  Based  on  a  one-dimensional  single-phase  fluid  flow,  fin  theory,  and  assuming  uniform 
dissipated  power  distribution,  the  heat  sink  resistance  can  be  expressed  as, 


^th  — 


fin 


+  ^cap  + 


1  1  +  (3  2a  ^  ^  Lhs  2  1  +  (3  +  t\> 

Nukf  1  -\-  2ocrj  1  -|-  a  Rc  1  -\~  a 


(7) 


i?fin  represents  the  thermal  resistance  due  to  the  heat  conduction  through  the  fins  and  convection 
from  the  fins  into  the  coolant.  7?cap  is  the  capacitive  resistance  due  to  coolant  heating  as  it  absorbs 
energy  passing  through  the  channel,  and  Rcon  is  the  thermal  resistance  as  the  heat  crosses  the  heat 
sink  base  plate.  In  Eq.  (7),  a  and  are  the  microchannel  aspect  ratio  and  fin  width  to  channel 
width  ratio  defined  as, 


a  =  ■ 


-'ch 


wc 


ch 


P  = 


min 

mch 


(8) 


Cpf,  kf  and  ju{  are  the  working  fluid  specific  heat,  thermal  conductivity,  and  viscosity,  respectively. 
ks  is  the  thermal  conductivity  of  the  microchannel  heat  sink  material,  f]  is  the  fin  efficiency  defined 
as  [22], 


tanh(ma) 

n  = - 

men 


m  — 


1  a  kf 
ot(3  ks 


(9) 


Re  is  the  Reynolds  number  in  the  microchannel  flow  defined  as, 
Pf  '  •  Z?h 


Re  = 


Pf 


um  is  the  mean  fluid  flow  velocity  in  the  microchannel  given  as, 
V 


U  m  — 


(10) 


(11) 


72  Och-Pch 

where  V  is  the  coolant  volumetric  flow  rate  and  n  is  the  number  of  channels  in  the  microchannel 
heat  sink  given  as, 

ms  -  rnm 


n  = 


mh  +  mm 

In  Eq.  (10),  Dh  is  the  microchannel  hydraulic  diameter  defined  as, 

2AdiZ'ch 


Dh  = 


( mh  +  PcH ) 


(12) 


(13) 


A  power  supply  is  required  to  drive  the  coolant  in  microchannel  heat  sink  operation.  The  coolant 
required  pumping  power  can  be  expressed  as  the  product  of  the  pressure  drop  across  the  heat  sink 
A p  and  volume  flow  rate  V,  i.e., 


R.  Chein,  G.  Huang  /  Applied  Thermal  Engineering  24  (2004)  2207-2217 


2215 


Pow  =  V  ■  A p 


Ths  W 

T 


(14) 


where  1  is  the  friction  coefficient.  In  Eq.  (9),  the  pressure  drops  at  the  channel  inlet  and  exit  were 
neglected  because  they  are  usually  small  compared  to  that  in  the  microchannel.  From  Eqs.  (2)  and 
(14),  in  addition  to  the  microchannel  heat  sink  geometries,  the  Nusselt  number  Nu  and  friction 
coefficient  X  are  two  important  parameters  for  microchannel  heat  sink  performance.  Both  Nu  and 
X  depend  on  the  flow  regime  and  type  of  coolant  used.  We  assumed  the  flow  in  the  microchannel 
to  be  laminar  and  fully  developed.  Under  such  conditions,  the  most  widely  used  Nu  and  X  cor¬ 
relations  for  pure  fluid  are  given  as  [20,21] 

Nu  =  8.235(1  -  2.042a_1  +  3.0853a-2  -  2.4765a-3  +  1.0578a-4  -  0.1861a-5)  (15) 

and 

(i)2  +  1 

XRe  =  4(4.7  +  19.64G),  G  =  — - T  (16) 

a+i)2 


Nu  = 


hDh 
kr  ’ 


Re  =  '■ 


U m  '  Oh 


Vf 


(17) 


In  Figs.  4  and  5,  two  examples  of  thermal  resistances  as  function  of  the  channel  geometry  are 
presented  for  both  air-cooled  and  water-cooled  microchannel  heat  sinks.  The  air-cooled  heat  sink 
material  is  copper  with  Lc h  =  300  mm  and  air  pumping  power  of  10  W.  The  water-cooled  mi¬ 
crochannel  heat  sink  is  made  of  silicon  with  Lfin  =  300  pm  and  water  pumping  power  of  4  W. 


<Mm) 


Fig.  4.  Thermal  resistance  of  an  air-cooled  microchannel  heat  sink  as  functions  of  the  channel  and  fin  widths.  Lch  =  300 
mm,  pumping  power  =  10  W. 
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Fig.  5.  Thermal  resistance  of  a  water-cooled  microchannel  heat  sink  as  functions  of  the  channel  and  fin  widths. 
Lc h  =  300  jam,  pumping  power  =  4  W. 


Because  of  higher  thermal  conductivity,  liquid-cooled  microchannel  heat  sink  has  lower  thermal 
resistance  comparing  to  that  using  air  as  coolant.  Moreover,  the  bulk  size  of  water-cooled  mi¬ 
crochannel  heat  sink  is  much  smaller  that  the  air-cooled  one.  Referring  to  Table  1,  the  smallest 
and  largest  heat  sink  thermal  resistance  required  are  0.021  and  0.181  °C/W,  respectively.  In 
general,  small  R2  is  required  when  the  TEC  is  operating  in  enforced  regimes.  From  Figs.  4  and  5, 
the  lowest  R2  that  can  be  achieved  are  0.1  and  0.013  °C/W  for  air-cooled  and  water-cooled  mi¬ 
crochannel  heat  sinks,  respectively.  Therefore,  we  conclude  that  a  microchannel  heat  sink  with 
liquid  coolant  must  be  employed  to  operate  a  TEC  in  enforced  regimes.  For  a  TEC  operated  with 
AT  >  0,  an  air-cooled  microchannel  sink  is  adequate  by  a  wide  range  of  microchannel  geometric 
dimensions.  Note  that  better  microchannel  heat  sink  performance  can  be  obtained  as  coolant 
pumping  power  increases.  However,  this  also  increases  of  cost  of  operation. 


4.  Conclusion 

A  TEC  electronic  cooling  application  was  investigated  in  this  study.  The  conclusions  from  this 
study  are  as  follows: 

1 .  TEC  cooling  capacity  and  COP  can  be  increased  by  increasing  the  TEC  cold  side  temperature 
or  decreasing  temperature  difference  between  the  TEC  hot  and  cold  sides.  The  highest  cooling 
capacity  obtained  in  this  study  was  as  high  as  207  W  when  the  TEC  was  operated  under  electric 
current  of  84.5  A,  Tc  =  80  °C,  and  AT  =  -20  °C.  The  resultant  junction  temperature  was  88  °C 
and  the  required  heat  sink  thermal  resistance  was  0.054  °C/W.  Although  large  cooling  capacity 
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can  be  expected  when  a  TEC  is  operated  in  an  enforced  regime,  this  operation  is  restricted  by 
the  cold  side  temperature  and  thermal  resistance  at  the  hot  side. 

2.  MicroChannel  heat  sinks  must  be  employed  to  operate  a  TEC  at  maximum  cooling  capacity. 
The  air-cooled  microchannel  heat  sink  was  adequate  for  TEC  operations  with  AT  >  0.  For  a 
TEC  operated  in  enforced  regimes,  a  water-cooled  heat  sink  is  required. 
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